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On the Assessment and Uncertainty of Atmospheric Trace Gas Burden
M easur ements with High Resolution | nfrared Solar Occultation Spectra
from Space
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Abstract. Tha Atmosphetic Trace Molscule Spectroscopy kin). The high spectral resolution ecombined with broadband
(ATMOS) instrument is & high resolution Fourier transform frequency coverage allows a statistical assessment of
spectrometer that measures atmospheric composition from constltuent burdens from many spectral features. In the
low Earth orbit with infrared solar occultation sounding in present letter, the method of analysls ls discussed @ d
the limb geometry. Following an lInitisl fight in 1985,, assessed from the conslstency of zonal averages of
ATMOS participated in the Atmospheric Labofatory' fs! observations at troplca! latitudes (0-15N) relative to the
Applications and Science (ATLAS) 1, 2, and 3 Space reported measursment precisions.

Shuttle misslons in 1992, 1993, and 1994 yielding’s fotal Of -

440 occultation measurements over s nine year period. The The ATMOS levels2 data processing retrieves vertical
sulte of moro than thity atmospheric trace gases profiled profiies of atmospheric composltion from the observed
includes ,COz, 0y, N2O, CHy, H;0, NO, NO;, HNO,, HCi, Infrared (625-5000 em™, or 2-16 microns) absorption
HF, CIONO;, CCWF, CCLF;, CHF.Cl, and N;Os. The apectra. The retrioval algorithm jteratively refines the
spoctroscople error analysls is described in the ‘context of characterization of tho state and composition of the model
supporting the derlved precision estimates reported with stmosphere until satisfactory agreement between the
the profiles, Including systematic uncertainties astern-ad measured and caloulsted values Is achieved. in the ATMOS

from the accuracy of the spectroscopic database. experiment, tha high spootral resolution permits the retrieval
of atmospheric composition using narrow spectral windows

. 0 r microwindows (Abrams ef a1 ., 1998b provide #
Introduction substantlal listing of microwindows for mid-infrared trace
Remote sensing measurements of the Infrared tolluric gas measurements). The selectlon, evaluation and

spoctrum  sw a powerful means of studylng chemical and combination Of microwindows remaina & critical task in the
dynamical processes in the stmosphere. Ths role of the definition Of 8 retrieval strategy; broadband high resolution
ATMOS experiment as part of the shuttle-borne ATLAs 1.3 spectra offet & wide choles of spectral features suitable for
missions and as & component of the NASA Mission to fetrievals gy different g)jryde lovels. However, opgin Ing
Planct Earth has bean discussed in an sccompanylog Letter conslstent and statistic_aIIP/ meaningful resuits requires
[Gunson ef cd., 1996]. AMONQ the current family of space  careful analysis. Elements of the retricval process have been
based remote sensing experiments ATMOS {s unique in presented by Norton and Rinsland [1990], Abrams et al.,
several sspects. Tha recoverability of the instrument and the [) 9968), and Abrams e1 al,, [1996b), and rely upon &
self-calibrating nature of solar occultation limb sounding com bensivc‘m‘bm"fspectwlcoplc Wﬂf\m"
provide confidence in the accuracy and reproducibllity of described by Brown e/ al., [1995]). A detailed fecliation of
the measuroments. The insttument provides spectea of high the methodology is eyond the scope of this presentation,
photometrio and spectral quality using & Fourier transform instoad, 8 summary of the critical features of the processing
spectrometer at a sufficiently mpid e to profile thelimb of methodelogy and a discussion of tha error budget will be
the Barth's atmosphere with high vertical resolution (2.3 presented.

ATMOS science analysis method
1 8AIC . NASA Langley Research Centar

2 Jot Propulsion Laboratory, Callfornia 1natitute of Techaology The ATMOS retrieval method 1s a three step process of
3 NASA Marshall SparePlight Center measuting temporature as a function of prossure, determining
4 Univensity Or Denver the viewing geometry, and assessing the burden of
s Californis Institute Of Teshnology atmoapheric constituents, The temperaturs retrioval method
6 Harvard University smployed [Stiller ef al,, 1995] provides profiles throughout
7 University Of Alsbama at Huntsville the stratosphere and mesosphere with unceriainties of ~ 3-4
8 NASA Langley Research Center K, and eliminates & Potential systsmatle emmor source, A
9 Forschungsrontrum Karlaruha/Universitaet Karlsruhe spectroscopic determination of viewing geometry, through
10 Institute Of Astrophysics, University or Libgs the retrieval of the tangent pressure from the spootra In @

NOU 13 '95  51:36 - 88486426721 PAGE . 003




11-13-1995 23:45

8048642671 AEROSOL RESEARCHBRANCH P.04s07?

NOU 13 ' 95

manner that I8 conslstent with the measurement Of tho trace
gas burdens provides a degres of self-conalatcncy end
further minimizes the potentlal for systematic errors [Abrams
¢! al, 19964). Once the tangent pressure is essigned, the
retrioval of constituent concentrations I8 in princlple
stralghtforward [Norton and Rinsland, 199 {; Abrams e al.,
1996b).

The retrieval of atmospheric trace gas concentrations is
pa-formed whir an onion.peeling algorithm that models the
stmosphere with 1 SO one-km thick homogensous layers.
Spectroscopically derlved tangent  pressures a
consistent temperature-prossure model aro assumed gpd
used with the ATMOS linellst compliation (Brown ef al.,
1995] to caleulate atmospheric transmittance long a slant
path at the frequency i
T(On 2) = oXp[-Zy T Kyuta Xe Vigx) - e uld)
where z {s the tangent height, Xyt is the absorption
coeffivient for the ith spectral point due to the jth gas ‘i’ the
kth lsyer, ny is the number density of alr In the kth laycr.V{:
{s the volume mixing ratio of the Jth gas in the kth leyeri®i”
a multlplicative scale factor for the volume ‘mixing ratlo,’ atid
g is the goometrical glant path through the kth h{er. The
rotrieval uses a |sast-squares NG aigorithm 1o soale the a
priori profile, through the factor X, in' & sequontisl! procés o
fit sach'spectrutiv with a zero crossing seaich of the fovin's 1
"% PTLODYRIG) - TyoD) w0’ = = 2
where the partial detlvati w of the transmiaslon’ ‘with respact
to scale factor x (proportional to absorbor amount) ‘acts ax &
weighting function, The assumed profiles are ‘bdsed or the
atmosphere obtained fiom the SPACELAB-3 mlssion, khd
the retrioval process gonsists of three jterptive retrievals
with secursive flve-polnt potynomial smoothing between
each lteration, RS
The uncertainty in the gas burden ls directly proportional to
the spactroscople residual C
e = vin[ElTa(002) - To(o,,2))! VINL @T/) 1 (3)
whers viu I8 the assumed volume mixing 1tio profile and N
la the number of inflection points in 8T¢/3x (efectively the
number of target gas lines within the microwlndow):" “ilk
immediate advantage of (3) i6 that it resdily lends tself to
the statistical combination of €rors arlsing from Individus)
microwindows and tends to be conscrvative rather than
optimistie, Two additional error terms are root-sume-squated
into the total measurement precizion, 8 continuum error and
8 propagation emor eesulting from mig-estimation of the
burden in previous (bigher altitude) layers. Theae terms are
usually small pompared 10 the regidunt error. Typically,
several microwindows ere utilized in the retrloval process,
with the reported profile being the weighted average over
the 'n' micrawindows
Ve = (Lava/eY(Za 1e'). @
An estimate of tho precision Of the measurement -1s
determined two ways, The first is simply the reduce
standard etror of the mean (16) g
oo’ = V[En 14" ) )
as a measure of the preelsion of the results. The second i the
error on the estimation of the mean

tudd [~ (Vailea) S(Zava/ee))/2a (1)l (M1)E(i/esd) (6)

21:37

Obtained from the standard deviation divided by the square
oot of (M), the effective number of samples
(microwlndows). To account for the dlfferent weighting of
tho microwindows, M 18 determined through,

M = [En (Ve Y124 Verd). )
This effective M is smaller than the setesl number of
microwindows except In the cass where the weights are the
same, The reported precision emor I8 taken as the Jarger of
these two estimates. In many cases Bqs. 5 and 7 given quite
imilar results, giving confidence that the final precision
error estimate {s appropriate.

Processing Methodology

There have been three major versions of the ATMOS data,
reflecting the increasing sophistication of the retrieval
methodology. The cvolution demonstrates the price of
certaln simplifylng assumptions. The three versions are
distingulshable by the final processing date: data processed
priof to | October 1994 (version 0), data processed prior {0
{4 December 1994 (verslon 1) which was widely used i n
cvaluations of measurements made from the Upper
Atmosphetle Research Satellite (UARS), and data processed
prior t0. 15 April 1995 (version 2) presented In the
accompanying lettors in this fssue,

DA EFE I PN b

y In early, 1995, the ATMOS data et was revised to address

Iimitations of the version 1 data. Three new elements were
o‘,ddod to the process: (a) D final pressuré sounding was
petforthéd using the version 1 temperature profile to insure
that the derived tangent pressures were consistant with the
expocted mosn stratospheric COz  volumo mixing ratio
profile of 350 parts per milllon by volume (ppmv) in 1994,
(b) improved low altitude tangent pressure determination
(through the definltlon of new microwindows), and (o) tbe
spectrosoople preclslon reported as the retrieval precision
wal, re<defined to be more conslstent with the random efrors
in the retrieval process (Rq. 3). The precision of the tanaent
pressure soundlings ss functions Of pressure avc iliustrated
in Pigure 1; the variation between the optical fliters reflects
differences In the spectroscopy and number of
microwindows at each pressure lovel. The fractional pressurs
eror ranges between 0.5% and 9%, with the best results
typically in the pressure range between 100 and 1 mbars
(approximately 18 to 48 ton altitude). Below 100 mbars the
errors increase, phut Aro stllf quite acceptable at 300 mbars
(approximately 8 km); in several filtors thero it 8 region
around 80 km where the number of useble features i §
Insufficient to maintaln consistent precision. A oareful
analysis of the temperature sensitivity demonstrated that the
tangent prossures were not statistically biased, In contrast,
subssquent to the release of the version] dats 3¢t
inconslstencies In the derlvatlon of pressures with the
simultancous pressure-tomperature algorithm led to the
conclusion that the version1 constituent profiles could be
focally biased by as much as 8+13%. An Improved pressure-
tempersture retrieval algorithm was evalusted and found to
bo capable of converglng to a stable answer win a retrieval
error of less than 0.3K and a precision of 0.5-1K and
confirmod the valldity of the tangent pressures derived in
the version 2 data set. Mean differences betwoen version 2
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data and profiles derived with preasures and temperaturoes
flom the Improved slgorithm were demonstrated TO be less
than 2-3%, which is modest with respect to the measuremeat
preclsions (typically 2-10% for many gases.). .

Error Budget

The version 2 data st has been released to the general
sclence community and utitized In the acoompanying letters,
Single profile precision ranges are givea in Table | for each
of the gases routinely profiled from the ATMOS spectral
dutabase, For the minor and trece gases with well {solated
spoctral features (COy, 05, N20, CHs, HaO, HCI, and HP)
where many microwindows may be combined the precision
is typically less than 10%. Retrievals of profiles of the
chlorofluorocarbons (CCLYF and CCIF3) with broadband
spectral features that are minimally overlapped by features of
other gasos yield small precision estimates dus to the large
amount of spectral information. At the other extreme are
spoclea such as HNO;3, NaOy, CHCIF,, and CIONO; which
roquire pre-retrieval of 1-6 interfering spocie. In such casss,
the residuals are dominated by Interferences and lead tO
large precision estimates. As illustrated in Figs. 2+, if the
profiles are sharply psaked then the error estimates will tend
to 100% at the top and bottom of the profiles, {ndleating the
full yange of measurable signal. NzOj is a speolal case, since
the dlurnal variatlon is sufficiently large that sunset
retrlevals typically have an uncertainty of 16-28%, while
the sunrise measurements sampling @ much larger amount of
gas along the ling of sight have smaller uncertalnties (note
that, the only tropical suariso data obtained by ATMOS was
during the 1992 ATLAS.] mission).

Tangent pressure errors are included In the precision
cstimates (column 2) in quadrature with the retrieval
precision for each constitusnt (Eqs, 3, 5-7). Approximate
altitude ranges glven in Table 1 (column 2) correspond to
altitude limits between which reasonable results (column 3)
are obtalned, Accuracy ranges, based on the combined
systsmatic uncertaintles in spectroscoplc parameters [Brown
et al, 1995] of the retrieved constituent and the CO;
transitions used for pressure sounding, are given in Table1
(column 3) to indicats the total uncertainties (random and
systematic) for comparlson with other measurements and
model celculations,

Both long-lived wund reactive trace gescs wre expected to
have milalmal gpatial variability ia tho tropics and
consequently, the zonal average standard deviation of
measurements at tropical latitudes may be used to assess the
preoision of the measurements relative to the expecled
natural variability of 5-8% at most altitudes between 1S and
80 ion (column 4).  For the trace gases, the standard
deviation Is typically comparable to the total precision,
indlcating that the precision cstimate snd the measurement
varlanco are i n reasonable agrooment.  The standard
deviations for the minor and source gases are sufficiently
small that comparisons with other experiments should sllow
an essessment of the accuracy of the measuremants. For some
gasos (CIONO;)the ronal standard devistion ia actuglly lsss
than the reported Precision, Indicating that the later Is
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actually ap overestimato (resulting from the inadequacy of
the pre-retrieval of Interfering spectral lines in this case).

Table 1: ATM )8 Verslcg 2 Data P :lslon sn( ceuracy
Speclos Altitude Est. Zona! Est.

Range Pree. s.td, Acc,

_(km) {%) % %
03 10-17 .23 2-8 + -
N20 10-s3 3-5 2.10 5
CH4 10-65 3-3 3-14 5
HNO3 15-40 3.6 3-10 16
H20 10-83 57 2-8 6
HCI 13-83 3.8 1.5 s
HP 12.55 | s-10 1-10 s
NO 18100 | 10-20 1-10 s
NO2 1548 4.10 i-lo 6
CCIsF 10-29 3s 4-15 11
CClaF; 10-31 395 2-10 9
CHCIFg 10-31 12-25 3-10 11
CIONO) t 6--39 40 3.20 20
N205 (s5) 2140 16-25 8-3S 16
N20s (ar) 3-s 12.20 16
SFg 10.27 7-20 2-1s il
0Cs 10-24 15-20 2.7 9
HCN 10-29 7-18 2-10 6
HDO 10.40 20.30 3-1s 7
Hz”O 10-49 1220 S-IS 7
quo 18-65 13-28 3.12 7
CH3D 10.35 16-23 3-7 7
Cco is-loo S-20 3.1s 3
HNOy4 16-40 30-60 [0-30 20
CClg 10-27 7-18 4.1s 20
C2H2 10.24 >350 >$0 7
CaHg 10-24 25 2s 11
CH3Cl 1027 >80 5-20 1
CPq4 10-58 _20-40 |2 - 7| _1l

Conclusions

The methodology end accuracies of the ATMOS data
processing h ave boen summarized and evaluated. The
reported arror budget for version 2 data {s presented and
evalunled, with the intent of describlng the quality and
imitations of the database. Vertical error profiles highlight
rho range over which retrlevals produce ressonable results,
and the reglons whete the unoertainty in the measurement
process dominates the result, A summary error budget
provides a simple set of ;suldelines to the relative quality of
ATMOS measuremente trace gas burdens, which should
permlt users of the ATMOS data to focus on measured
features of the atmosphere rather than features of the ATMOS
retrieval process. The expacted acourscy of the spectroscopic
database provides & simllar guideline for comparing ATMOS
profiles with the results from other experiments.
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Figure 3, Precisions for odd nitrogen species. Notice the

dramatie differencé | n  dinitrogen pentoxide precisions
depending on the time of day.
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Figure 4, Precislons for chlorine- and fluorine-bearing

species including the source gascs OCL\F CCL:Fy, gnd
CHCIP2) and reservolr species HCland
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